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ABS TR4C T 

The s t eady- s t a t e ,  wind d r iven  v e l o c i t i e s  i n  Lake E r i e  have been 

ca l cu la t ed  numerical ly  us ing  a shal low l a k e  model. The three-dimensional 

v e l o c i t i e s  as a func t ion  of depth and h o r i z o n t a l  p o s i t i o n  are d isp layed  

for  t h e  p r e v a i l i n g  southwest winds. The r e s u l t s  show t h a t  t h e  v e l o c i t i e s  

vary  g r e a t l y  from p o s i t i o n  t o  p o s i t i o n  and depend s t r o n g l y  on t h e  bottom 

topography and boundary geometry. For t h e  numerical  c a l c u l a t i o n s ,  a 

co 
L n  

I 
F3 

6.1 a 

0,805 kilometer  g r i d  s i z e  i n  an i s l a n d  r eg ion  and a 3 . 2 2  ki lometer  g r i d  

s i z e  i n  t h e  rest of t h e  l a k e  had t o  b e  incorpora ted  t o  adequately repre-  

s e n t  t h e  Lake Erie geometry. 

The c a l c u l a t e d  v e l o c i t i e s  compare q u a n t i t a t i v e l y  ve ry  w e l l  w i th  

c u r r e n t  meter measurements made a t  mid-depths i n  t h e  Cen t ra l  and Eas t e rn  

bas ins .  The magnitudes of t h e  average eddy v i s c o s i t y  used i n  t h e  calcu-  

l a t i o n s  agree  wi th  measurements made i n  t h e  Great Lakes. Steady c u r r e n t s  

are shown t o  u s u a l l y  occur a f t e r  two days of f a i r l y  uniform winds,  



INTRODUCTION 

Present  day ana lyses  of t h e  e f f e c t s  of p o l l u t i o n  f n  t h e  Great Lakes 

r e q u i r e  a d e t a i l e d  knowledge of t h e  three-dimensional v e l o c i t i e s  a t  any 

l o c a t i o n  i n  t.he l akes .  A t  l as t  y e a r ' s  conference,  t h e  au thors  (Gedney 

and Lick,  1970) presented  some pre l iminary  ca l cu la t ed  r e s u l t s  f o r  t h e  

l o c a l  c u r r e n t s  and v e l o c i t i e s  i n  Lake E r i e .  I n  t h a t  a n a l y s i s ,  t h e  

presence of i s l a n d s  w a s  considered,  b u t  t h e  i s l a n d s  w e r e  approximated by 

underwater mounds. 

r e s u l t s  are presented .  

real is t ic  i s l a n d  geometry and a f i n e r  mesh i n  t h e  numerical  c a l c u l a t i o n s .  

I n  t h e  p re sen t  paper ,  more ex tens ive  and improved 

These r e s u l t s  have been obtained by usfng  a more 

I n  t h e  p re sen t  a n a l y s i s ,  only t h e  uioirions caused by s t eady  winds 

and r i v e r  through flows are considered.  For deep l akes ,  i n  which t h e  

depth i s  much g r e a t e r  than  t h e  th ickness  of t h e  f r i c t i o n  o r  Ekman l a y e r s ,  

t h e  u s u a l  Ekman dynamics, i n  which t h e  bottom stress is assumed propor- 

t i o n a l  t o  t h e  geos t rophic  v e l o c i t y ,  can b e  used. For any of t h e  Great 

Lakes, t h e  use  of Ekman dynamics is ques t ionable  s i n c e  they a l l  have 

shal low shore  reg ions  of cons iderable  e x t e n t .  I n  Lake E r i e ,  f o r  moder- 

a te  winds,  t h e  th ickness  of t h e  f r i c t i o n  l a y e r  is  comparable t o  t h e  

depth over much of t h e  l a k e  and t h e r e f o r e  t h e  u s e  of Ekman dynamics i s  

not  v a l i d .  The necessary  ex tens ion  of t h e  Ekman a n a l y s i s  t o  t h e  case 

o f  a shal low l a k e  has  been given by Welander (1957) and t h a t  theory  has  

been used he re  wi th  s l i g h t  modi f ica t ions .  

The shal low depth of Lake E r i e  does have an  advantage i n  t h a t  t h e  
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t i m e  t o  reach  s t eady  s ta te  f o r  a s p e c i f i c  wind cond i t ion  should b e  less 

than f o r  t h e  o t h e r  Great Lakes. The c a l c u l a t i o n s  performed are f o r  

s teady  state winds and comparison of t h e  ca l cu la t ed  r e s u l t s  and measure- 

ments do show t h a t  t h e  s t eady  state l i m i t  is  a c t u a l l y  reached i n  Lake 

E r i e .  This  is  important  s i n c e  i t  makes t h e  t a s k  of checking t h e  c u r r e n t  

c a l c u l a t i o n s  wi th  measurements much easier. It is only through t h i s  

checking, which may i n d i c a t e  a need t o  modify t h e  model, t h a t  a satis- 

f a c t o r y  model w i l l  b e  e s t a b l i s h e d .  

s ta te  model is  e s t a b l i s h e d ,  t h e  time-dependent case can b e  more r e a d i l y  

analyzed. 

is a major p a r t  of t h i s  art icle.  

Once a n  a c c u r a t e  q u a n t i t a t i v e  s t eady  

The comparison of our  Lake Erie c a l c u l a t i o n s  wi th  measurements 

Shallow-Lake Model and Method of So lu t ion  

I n  t h e  p re sen t  a n a l y s i s ,  t h e  b a s i c  approximations are t h a t  t h e  water 

d e n s i t y  i s  cons t an t ,  t h e  ver t ica l  eddy v i s c o s i t y  is independent of depth  

bu t  dependent on wind v e l o c i t y ,  t h e  p re s su re  is  h y d r o s t a t i c ,  and t h e  

la teral  f r i c t i o n  and nonl inear  a c c e l e r a t i o n  terms can b e  neglec ted .  The 

neg lec t  of la teral  f r i c t i o n  means t h a t  t h e  two t r a n s v e r s e  f r i c t i o n  terms 

i n  t h e  momentum equat ions  are small compared t o  t h e  v e r t i c a l  f r i c t i o n  

term. Lake Erie is  s t r a t i f i e d  dur ing  t h e  summer months and t h e r e f o r e  

t h e  a n a l y s i s  presented  h e r e  a p p l i e s  on ly  t o  t h e  f a l l ,  sp r ing ,  and those  

per iods  i n  t h e  win te r  when t h e  l a k e  i s  no t  i ced  over ,  

The above assumptions reduce t h e  momentum equat ions  t o  two equa- 

t i o n s  conta in ing  t h e  h o r i z o n t a l  v e l o c i t i e s  and t h e  s u r f a c e  s l o p e  as un- 

knowns, The appropr i a t e  boundary cond i t ions  f o r  t h e s e  equat ions  are a 

no-s l ip  cond i t ion  a t  t h e  l a k e  bottom and a s p e c i f i e d  shear  stress (due 

t o  t h e  wind) a t  t h e  air-water i n t e r f a c e .  These equat ions  and boundary 
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condi t ions  can be  solved a n a l y t i c a l l y  t o  g ive  t h e  v e l o c i t y  as a func t ion  

of depth w i t h  t h e  s u r f a c e  wind stress and s u r f a c e  s l o p e  as parameters.  

By v e r t i c a l l y  i n t e g r a t i n g  t h e  momentum equat ion ,  by us ing  t h e  ver- 

t i c a l l y  i n t e g r a t e d  c o n t i n u i t y  equat ion ,  and in t roducing  a stream func- 

t i o n  $ 9  def ined  by Mx = a$/ay and M = -a$/ax where Mx and M 

are t h e  v e r t i c a l l y  i n t e g r a t e d  v e l o c i t i e s  i n  t h e  x and y h o r i z o n t a l  

d i r e c t i o n s ,  one can o b t a i n  a s i n g l e  equat ion  f o r  t h e  stream func t ion ,  

which is  

Y Y 

and g3 are func t ions  of t h e  depth and i t s  d e r i v a t i v e s  1' 82' Here g 

and g3 i s  a l s o  a f u n c t i o n  of t h e  wind shear  stress. Once $ i s  

known, t h e  t h r e e  components of t h e  v e l o c i t y  can r e a d i l y  b e  found. 

For d e t a i l s  of t h e  d e r i v a t i o n  of t h e  above equat ion  and a d i s c u s s i o n  

of t h e  approximations involved i n  t h e  d e r i v a t i o n ,  see Gedney (1971) and 

Gedney and Lick (1970). Gedney (1971) has  shown t h a t  t h e  approximations 

used, except  f o r  t h e  approximation of a cons tan t  ver t ica l  eddy v i s c o s i t y ,  

induce a t  t h e  most a small, 0 (lo-') , o r  very  l o c a l  e r r o r  i n  t h e  calcu- 

l a t i o n s .  

cons tan t  cannot e a s i l y  b e  est imated a p r i o r i .  

cu la ted  c u r r e n t s  w i t h  measurements is  necessary i n  order  t o  determine 

t h e  magnitude of t h e  e r r o r  i n  t h i s  assumption. 

The e r r o r  induced by assuming t h e  ver t ica l  eddy v i s c o s i t y  is  

A comparison of t h e  cal- 

The reg ion  of Lake Erie f o r  which t h e  above stream f u n c t i o n  equa- 

t i o n  must be  solved is  mul t ip ly  connected because of t h e  i s l a n d s  i n  t h e  

Western Basin.  The va lue  of t h e  stream func t ion  on t h e  mainland shore  

can b e  s p e c i f i e d  w i t h i n  a s i n g l e  a r b i t r a r y  cons t an t  as determined by t h e  



river inf lows and outf lows.  The 

i s l a n d  boundaries  is not  known a 

shown t h a t  i f  a n  i n c o r r e c t  va lue  

4 

value  of t h e  stream func t ion  f o r  t h e  

p r i o r i .  However Gedney (1971) has  

of an i s l a n d  boundary stream func t ion  

i s  chosen, t h e  cond i t ion  t h a t  t h e  s u r f a c e  e l e v a t i o n  b e  cont inuous,  i e e e 9  

$ g d s  = 0 

w i l l  no t  be  s a t i s f i e d .  I n  t h e  p re sen t  c a l c u l a t i o n s  f o r  Lake E r i e  t h r e e  

i s l a n d s  were incorpora ted .  The i s l a n d s  were Pe lee ,  Kel ley,  and a s i n g l e  

Bass i s l a n d .  The s i n g l e  Bass i s l a n d  w a s  formed by neg lec t ing  t h e  narrow 

channels between t h e  South,  Middle, and North Bass I s l ands .  The va lue  

f o r  t h e  stream func t ion  on each i s l a n d  boundary w a s  uniquely determined 

by summing fou r  s o l u t i o n s ,  i . e . ,  

1 2 3 JI = JIo + dlJI + d2JI + d3JI 

The boundary and wind cond i t ions  f o r  these fou r  s o l u t i o n s  are shown i n  

t a b l e  1. 

f i e s  t he  r i v e r  in f lows  and outf lows,  and T and T are t h e  wind 

shear  stresses i n  t h e  x and y h o r i z o n t a l  d i r e c t i o n s .  

I n  t a b l e  1, $,(s) is  t h e  e x t e r n a l  sho re  boundary which spec i -  

X Y 

The dl, d2,  d3 cons t an t s  were then  determined s o  t h a t  t h e  l i n e  

i n t e g r a l ,  equa t ion  ( 2 ) ,  around each i s l a n d  w a s  s a t i s f i ed . ,  The summed 

s o l u t i o n  s p e c i f i e s  t h e  proper stream func t ion  va lue  on each i s l a n d  

boundary. 

Equation (1) w a s  solved by f i n i t e  d i f f e r e n c e  methods. A t  a l l  g r i d  

p o i n t s ,  a f i v e  po in t  c e n t r a l  d i f f e r e n c e  equat ion  w a s  used,  Lake E r i e  

w a s  d iv ided  i n t o  two reg ions .  One w a s  a n  i s l a n d  reg ion  as shown i n  

Figure 1 i n  which a 0.805 k i lometer  (0.5 mi le )  square  g r i d  w a s  used. 

The boundaries  i n  t h i s  r eg ion  w e r e  approximated by t ak ing  t h e  c l o s e s t  
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0.805 k i lometer  g r i d  p o i n t  as t h e  boundary. The second r eg ion  w a s  com- 

posed of t h e  remainder of Lake E r i e  and i n  t h i s  reg ion  a 3.22 k i lometer  

(2 mi le )  square  g r i d  w a s  used except  f o r  t h e  po in t s  ad jacent  t o  t h e  

boundary. 

w r i t t e n  which used t h e  a c t u a l  d i s t a n c e  from t h e  g r i d  po in t  t o  t h e  bound- 

a ry .  

t h e  l a k e  contained some 2250 g r i d  p o i n t s .  F igure  2 shows t h e  i s l a n d  

reg ion  i n  r e l a t i o n  t o  t h e  e n t i r e  l a k e  as w e l l  as t h e  bottom topography used 

For t h e s e  p o i n t s ,  nonsymmetrical d i f f e r e n c e  equat ions  were 

The i s l a n d  r eg ion  contained some 2800 g r i d  p o i n t s  and t h e  rest of 

used i n  t h e  c a l c u l a t i o n s .  

The Lake Erie bottom depth a t  t h e  r e g u l a r  g r i d  po in t s  w a s  determined 

by curve f i t t i n g  i r r e g u l a r l y  spaced d a t a  taken from t h e  U.S. Lake Survey 

Charts  which are publ ished by t h e  U.S. Army Corps of Engineers.  The 

bottom topography determined from t h e s e  curve f i t s  is  very  r e p r e s e n t a t i v e  

of t h e  a c t u a l  l a k e  and conta ins  cons iderable  amount of d e t a i l .  When a 

r ap id  change occurred i n  t h e  bottom topography over one o r  two g r i d  

spaces ,  t h e  topography w a s  l o c a l l y  smoothed by a least squares  smoothing 

program. This  w a s  done because the  numerical  s o l u t i o n  could no t  accu- 

r a t e l y  p r e d i c t  t h e  e f f e c t  of t h e  l o c a l  r ap id  change f o r  t h e  g r i d  spacing 

used 

A combination of success ive  over - re laxa t ion  by po in t s  and l i n e s  w a s  

used t o  s o l v e  t h e  system of f i n i t e  d i f f e r e n c e  equat ions .  A complete 

i t e r a t i o n  w a s  performed i n  one reg ion .  Then from t h e s e  new v a l u e s ,  in -  

terim i n t e r f a c e  va lues  between t h e  two r eg ions  were formed f o r  t h e  sec- 

ond r eg ion ,  A complete i t e r a t i o n  was then  performed i n  t h e  second re- 

gion. From t h e s e  new va lues  i n  t h e  second r eg ion ,  i n t e r f a c e  va lues  were 

i n  t u r n  formed f o r  t h e  f i r s t  region.  The process  w a s  repea ted  u n t i l  t h e  
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maximum relat ive e r r o r  between success ive  i t e r a t i o n s  a t  any g r i d  p o i n t  

w a s  less than  The g r i d  p o i n t s  where t h e  i n t e r f a c e  va lues  between 

t h e  two r eg ions  were formed are shown i n  F igure  1, 

To e v a l u a t e  equat ion  ( 2 ) ,  3.22, 1.61, and 0.805 ki lometer  g r i d  s i z e s  

were t r i e d  i n  t h e  i s l a n d  reg ion .  It was found t h a t  t h e  0,805 k i lometer  

g r i d  s i z e  w a s  necessary i n  o rde r  t o  o b t a i n  c o n s i s t e n t  and a c c u r a t e  l i n e  

i n t e g r a l s  around each i s l a n d .  A s  can b e  seen  i n  F igure  1, t h e  0,805 

ki lometer  g r i d  s i z e  is  a l s o  necessary t o  accu ra t e ly  r ep resen t  t h e  i s l a n d  

boundaries.  

Complete d e t a i l s  on t h e  method of s o l u t i o n  can b e  found i n  Gedney 

(1971) * 

Resu l t s  of Numerical Ca lcu la t ions  

The numerical  s o l u t i o n  f o r  t h e  stream f u n c t i o n  and v e l o c i t i e s  i n  

Lake E r i e  f o r  tne two reg ion  conf igu ra t ion  w a s  obtained f o r  f r i c t i o n  

depths  of 18.2 meters (60.0 f t )  and 27.4 meters (90.0 f t ) .  These depths  

correspond r e s p e c t i v e l y  t o  winds of 5.2 meters/second (11.8 mph) and 

10.1 meters/second (22.7 mph). Here t h e  f r i c t i o n  depth is  .rrm 

where v i s  t h e  kinematic  v i s c o s i t y  and f i s  t h e  C o r i o l i s  parameter.  

The winds quoted are those  a t  6 meters above t h e  water. The shea r  stress 

used i n  t h e  c a l c u l a t i o n s  was determined by 

2 
a a  T' = 0,00273 p W 

is  t h e  a i r  d e n s i t y  and Wa is  t h e  wind v e l o c i t y .  The 0.00273 'a where 

drag c o e f f i c i e n t  w a s  determined by Wilson (1960) by analyzing wind shear  

stress measurements made by 47 d i f f e r e n t  experimenters .  I n  t h e  ca l cu la -  

t i o n s ,  t h e  wind w a s  assumed t o  be  uniform over t h e  e n t i r e  Lake E r i e  sur -  
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f ace .  The uniform wind cond i t ion  does no t  occur a l l  t h e  t i m e  on Lake 

Erie bu t  i t  w a s  found t o  be  a good approximation f o r  t h e  per iods  f o r  

which t h e  c a l c u l a t i o n s  and measurements were compared. The 18.2 and 

27.4 meter f r i c t i o n  depths  correspond,  r e s p e c t i v e l y ,  t o  eddy v i s c o s i t i e s  

2 of 16.8 and 38.0 cm /sec. 

the  proper  ones f o r  t h e  5.2 and 10 .1  meter pe r  second winds because 

they provided t h e  b e s t  agreement w i t h  c u r r e n t  meter measurements. 

These f r i c t i o n  depths  were determined t o  b e  

All t h e  r e s u l t s  shown h e r e i n  inc lude  a D e t r o i t  River in f low of 

3 5380 m /sec and a n  equal  outf low v ia  t h e  Niagara River. Other ca l cu la -  

t i o n s  have shown t h a t  t h e  remaining rivers only modify t h e  flow l o c a l l y  

near  t h e  mouth of t h e  rivers f o r  moderate winds such as used h e r e .  

F igure  3 shows t h e  stream func t ion  p l o t  f o r  a West 50 degrees  

South wind a t  10.1 meters per  second. 

w i s e  and lower counterclockwise i n t e g r a t e d  mass f l u x  gyre  i n  b o t h  

t h e  C e n t r a l  and Eastern b a s i n s .  

has  been deformed i n t o  two connected cel ls  due t o  t h e  p e c u l i a r  geometry 

e f f e c t .  The two c e l l  conf igu ra t ion  i n  each b a s i n  is  e s s e n t i a l l y  due t o  

t h e  d i s h  (bowl) shape of t h e  bottom topography. 

This  p l o t  shows a n  upper clock- 

In t h e  Eas t e rn  b a s i n ,  t h e  upper c e l l  

The complete l a k e  v e l o c i t y  p l o t s  f o r  t h e  West 50 degrees  South 

wind are shown i n  F igure  4 .  In t h i s  f i g u r e ,  p l o t s  a through c g ive  

t h e  h o r i z o n t a l  v e l o c i t i e s ,  r e s p e c t i v e l y ,  a t  a cons t an t  0 . 4 ,  9.9,  and 

14.9 meters from t h e  su r face .  

a t  a cons tan t  1 , 2  meters from t h e  bottom, P l o t  e g ives  t h e  ve r t i ca l  

v e l o c i t i e s  a t  mid-depth, The beginning of t h e  arrow r e p r e s e n t s  t h e  

a c t u a l  l o c a t i o n  of t h e  c u r r e n t  represented  by t h e  arrow. 

of t h e  v e l o c i t y  can be  determined from t h e  v e l o c i t y  scale i n d i c a t e d  on 

P l o t  d g ives  t h e  h o r i z o n t a l  v e l o c i t i e s  

The magnitude 
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t h e  f i g u r e .  

I n  p l o t  e,  arrows po in t ing  toward t h e  top  of t h e  p l o t  r ep resen t  t h e  

v e r t i c a l  v e l o c i t i e s  toward t h e  l a k e  su r face .  

Note t h a t  t h e  v e l o c i t y  scale i s  d i f f e r e n t  from p l o t  t o  p l o t .  

F igure  4(a)  shows t h a t  a top-surface mass f l u x  i s  being t r anspor t ed  

toward t h e  e a s t e r n  and southern  boundar ies ,  A subsur face  c u r r e n t  re- 

tu rns  t h e  s u r f a c e  mass f l u x  i n  t h e  oppos i t e  d i r e c t i o n  as shown i n  Fig- 

u r e s  4(b) through (d ) .  I n  t h e  Cen t ra l  and Eas te rn  bas ins ,  s u r f a c e  cur- 

r e n t s  a t  0 .4  meter are i n  gene ra l  smaller i n  t h e  c e n t e r  of t h e  l a k e  than  

near t h e  shore .  Th i s  e f f e c t  i s  e s s e n t i a l l y  due t o  t h e  r e l a t i v e l y  l a r g e  

subsur face  r e t u r n  c u r r e n t  down t h e  c e n t e r  of t h e  l a k e  which is  oppos i te  

i n  d i r e c t i o n  t o  t h e  s u r f a c e  c u r r e n t  and s u b t r a c t s  from it. 

The mass f l u x  gyres  shown i n  F igure  3 are confirmed by t h e  Fig- 

u r e  4 v e l o c i t y  p l o t s .  

south shore  i s  e s s e n t i a l l y  p a r a l l e l  t o  t h e  sho re  i n  an  e a s t e r l y  d i r ec -  

t i o n ,  

p a r a l l e l  sho re  c u r r e n t s  occur.  The width of t h i s  band of p a r a l l e l  f low 

near t h e  bottom is oniy  3 t o  4 k i lometers  wide. 

t h e  depths  are g r e a t  enough near  t h e  sho re  s o  t h a t  a t  some l o c a t i o n s  

t h e  bottom c u r r e n t s  are more perpendicular  than  p a r a l l e l  t o  t h e  shore .  

The near  p a r a l l e l  s h o r e  c u r r e n t s  on t h e  south  shore  of Long Po in t  and 

then t h e  abrupt  no r the rn  flow a t  t h e  t i p  of Long Po in t  are i n  agreement 

wi th  t h e  mass f l u x  gyre  shown i n  F igure  3 .  

is  shown on Figure  2 ,  

The flow a t  a l l  levels a t  many l o c a t i o n s  a t  t h e  

The bottom c u r r e n t s  shown i n  F igure  4(d)  i n d i c a t e  where t h e s e  

I n  t h e  Eas t e rn  b a s i n ,  

The l o c a t i o n  of Long P o i n t  

More d e t a i l e d  p l o t s  of t he  h o r i z o n t a l  c u r r e n t s  i n  t h e  Western 

b a s i n  f o r  a West 50 degrees  South wind a t  1 0 , l  meters per  second are 

shown i n  F igures  5 (a )  and 5 (b ) .  These p l o t s  are f o r  depths  of 4.5 and 
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7.6 meters, r e s p e c t i v e l y .  The e f f e c t  of t h e  inf low a t  t h e  mouth of t h e  

D e t r o i t  River i s  p a r t i c u l a r l y  ev ident  i n  F igure  5 ( a ) .  

most of t h e  D e t r o i t  River  through flow i s  going n o r t h  of Pe lee  I s l a n d  

ac ross  t h e  t i p  of Pe lee  Po in t .  

lower h a l f  of t h e  Cen t ra l  b a s i n  prevents  t h e  D e t r o i t  River flow from 

t ak ing  a southward pa th  through t h e  i s l a n d s .  

duces t h e  clockwise gyre  below Pe lee  Po in t  which is  evident  i n  Fig- 

u r e  5 ( a ) .  

i n  Pe lee  Passage goes d i r e c t l y  south  t o  a po in t  where i t  is  turned 

e i t h e r  i n t o  t h e  C e n t r a l  b a s i n  o r  toward Pe lee  I s l a n d .  This  s o u t h e r l y  

flow is  caused by an underwater r i d g e  which extends south  from Pe lee  

Poin t .  The underwater r i d g e  a l s o  prevents  t h e  subsur face  r e t u r n  flow 

i n  t h e  no r the rn  p a r t  of t h e  Cen t ra l  b a s i n  from en te r ing  t h e  Western 

bas in .  A s  a r e s u l t ,  t h e  clockwise gyre  is formed east of t h e  r i d g e  a t  

6 meters and below. The e f f e c t  of t h e  flow blockages a t  t h e  Pelee 

Po in t  underwater r i d g e  and a t  t h e  i s l a n d s  are a l s o  r e f l e c t e d  i n  t h e  

v e r t i c a l  v e l o c i t i e s  shown i n  F igure  4 (g ) .  This  f i g u r e  shows t h a t  t h e  

blockage creates s i g n i f i c a n t  areas of upwelling. 

t h a t  t h e  p a t h  t h a t  t h e  D e t r o i t  River through flow t akes  is  h igh ly  de- 

pendent on t h e  wind d i r e c t i o n .  

flow t akes  a southern  pa th  between t h e  i s l a n d s .  

A s  can be  seen ,  

The subsur face  r e t u r n  flow from t h e  

This  flow blockage pro- 

A t  t h e  6 meter level and below, a l a r g e  p o r t i o n  of t h e  flow 

It should be  noted 

For a northwest  wind most of t h e  through 

The d e t a i l e d  v e l o c i t i e s  i n  t h e  i s l a n d  reg ion  f o r  t h e  West 50 degrees  

South wind case are p l o t t e d  i n  F igures  6 (a )  and 6 (b ) .  The r e s u l t s  h e r e  

are t h e  same as a l r eady  seen  i n  t h e  Western b a s i n  p l o t s  except i n  more 

d e t a i l .  We see t h a t  a l l  flow south  of Kel leys  I s l and  is i n  a wes te r ly  

d i r e c t i o n .  Very l i t t l e  flow goes southward between the  Bass I s l a n d s  and 
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Pe lee  I s l a n d .  

which is below 6.0 meters rises and goes over t h e  Pe lee  Po in t  underwater 

Some of t h e  sou the r ly  flow through t h e  Pe lee  Passage 

r i d g e .  

bottom c u r r e n t s  on top  of t h e  r i d g e  as shown i n  F igure  6 (b ) .  

The f a c t  t h a t  t h i s  does happen is  ind ica t ed  by t h e  l a r g e  e a s t e r l y  

The i n t e r e s t e d  r eade r  can f i n d  complete v e l o c i t y  p l o t s  a t  many more 

levels f o r  t h e  e n t i r e  l a k e ,  Western Basin,  and i s l a n d  r eg ion  f o r  a 

v a r i e t y  of wind d i r e c t i o n s  i n  Gedney (1971). 

Comparison of Lake E r i e  Measurements w i th  Numerical Ca lcu la t ions  

I n  an  e f f o r t  t o  determine t h e  p r e v a i l i n g  c i r c u l a t i o n  p a t t e r n s  I n  

Lake E r i e ,  t h e  U.S. Fede ra l  Water P o l l u t i o n  Cont ro l  Adminis t ra t ion  (now 

p a r t  of t h e  Environmental P r o t e c t i o n  Agency (EPA)) e s t a b l i s h e d  a system 

of automatic  c u r r e n t  meter ing s t a t i o n s  i n  Lake E r i e  i n  May 1964. The 

metering program w a s  maintained u n t i l  September 1965. The r educ t ion  of 

d a t a  w a s  made by t h e  EPA f o r  p a r t  of t h i s  per iod bu t  was never publ ished 

i n  d e t a i l .  Fo r tuna te ly ,  t h e  EPA loaned t h e  reduced d a t a  t o  t h e  au thors  

and i t  is  t h i s  d a t a  t h a t  w e  now compare wi th  our c a l c u l a t i o n s .  

The EPA d a t a  cons i s t ed  of both atmospheric wind and water c u r r e n t  

v e l o c i t y  readings  taken every 20 o r  30 minutes.  I n  o rde r  t o  compare t h e  

water c u r r e n t  measurements wi th  our c a l c u l a t i o n s ,  t h e  20 and 30 minute 

readings  were v e c t o r i a l l y  summed over a 24-hour per iod t o  form a re- 

s u l t a n t  c u r r e n t  o r  wind. The r e s u l t a n t  magnitude is  equal  t o  t h e  vec to r  

sum magnitude d iv ided  by t h e  numbers of readings .  The t i m e  per iods  used 

f o r  comparison purposes were those  f o r  which t h e  wind w a s  f a i r l y  s teady  

f o r  2 o r  more days s o  t h a t  any s e i c h e  c u r r e n t s  were s m a l l  i n  magnitude. 

The vec tor  summing of t h e  d a t a  over a 24-hour per iod should remove p a r t ,  

i f  n o t  a l l ,  of any s m a l l  s e i c h e  c u r r e n t  s i n c e  t h e  l a r g e s t  s e i c h e  per iod 
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is 14 hours .  

The wind d a t a  a v a i l a b l e  from t h e  EPA lake s t a t i o n s  w a s  f o r  only 

c e r t a i n  l i m i t e d  per iods .  Therefore ,  i t  became necessary t o  u s e  t h e  

24-hour r e s u l t a n t  winds recorded a t  Cleveland, Erie ,  and Buffalo by t h e  

U.S, Weather Bureau. The U.S. Weather Bureau 24-hour r e s u l t a n t  winds 

a t  t h e s e  land s t a t i o n s  agreed f a i r l y  w e l l  i n  d i r e c t i o n  wi th  t h e  EPA 

r e s u l t a n t  wind determined a t  t h e  va r ious  l ake  s t a t i o n s .  However, the 

over-the-lake" wind magnitudes were on t h e  average 1.48 t i m e s  t h e  corre-  1 1  

sponding land  values., 

The procedure incorpora ted  f o r  determining what wind t o  u s e  i n  t h e  

numerical c a l c u l a t i o n s  f o r  a p a r t i c u l a r  day w a s  t o  t ake  t h e  average of 

both t h e  d i r e c t i o n  and magnitude of t h e  24-hour r e s u l t a n t  wind a t  

Cleveland, Erie, and Buffalo as publ ished by t h e  U . S .  Weather Bureau. 

This  average wind wi th  i t s  magnitude increased  by 1.48 w a s  then  used t o  

determine t h e  shear  stress a t  t h e  water su r face .  On May 24, 1964, t h e  

r e s u l t a n t  wind w a s  determined t o  be  10.1 meters per  second wi th  d i r e c -  

t i o n  West 50 degrees  South. The r e s u l t a n t  winds f o r  t h e  p r i o r  2 days 

had been w i t h i n  20' of t h i s  and a t  somewhat less magnitude. However, 

on May 21, 1964, t h e  r e s u l t a n t  winds were approximately East 50 degrees  

South a t  roughly 1 meter per  second which is  s i g n i f i c a n t l y  d i f f e r e n t  

from t h e  wind on May 24th.  The c u r r e n t  meter d a t a  f o r  May 24, 1964, as 

measured a t  10 and 15 meters below t h e  s u r f a c e  is shown i n  F igures  4(b) 

and ( c ) ,  Note t h a t  t h e  p o s i t i o n  of t h e  measurements are d i f f e r e n t  from 

those  of t h e  ca l cu la t ed  c u r r e n t  v e c t o r s ,  

i n  both magnitude and d i r e c t i o n .  

of t h e  measurements and c a l c u l a t i o n s  a t  po in t  A a t  10 meters i s  be l ieved  

The agreement i s  markedly good 

The discrepancy between t h e  magnitude 
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t o  be  a measurement e r r o r  s i n c e  t h i s  meter became e r r a t i c  a t  a later 

d a t e .  The magnitude of t h e  measurements i n  t h e  Long Po in t  reg ion  may 

a t  f i r s t  appear t o  b e  cons iderably  d i f f e r e n t  from t h e  ca l cu la t ed  va lues .  

Howeverg t h e  agreement between measurements and c a l c u l a t i o n s  i s  be l ieved  

t o  be  s a t i s f a c t o r y  when one cons iders  t h a t  t h e  c u r r e n t s  are changing 

r a p i d l y  wi th  d i s t a n c e  i n  t h e  Long Po in t  area. 

d a t a  from a l l  t h e  s t a t i o n s  are no t  shown. This  i s  because e i t h e r  t h e  

d a t a  were n o t  a v a i l a b l e  from t h e  EPA o r  t h e  d a t a  showed t h e  meters d id  

no t  respond t o  wind changes. 

It should b e  noted t h a t  

Also,  i n  F igures  4(b)  and ( c ) ,  t h e  meter measurements are p l o t t e d  

f o r  a West 43 degrees  South wind a t  a v e l o c i t y  of 8.6 meters pe r  second. 

These measurements were taken  on October 25, 1964. The agreement is 

aga in  q u i t e  good except  f o r  t h e  measurement a t  po in t  B i n  F igure  4 (c ) .  

The s m a l l  va lue  of t h i s  reading  may i n d i c a t e  a measurement e r r o r .  The 

winds f o r  t h e s e  measurements d i f f e r  from t h e  May 24, 1964 case by 

1.5 meters per  second and 7 i n  d i r e c t i o n .  However, both sets of 

measurements agree  q u i t e  w e l l  w i th  the  c a l c u l a t i o n s  and each o the r .  

The May 24, 1964, d a t a  w a s  taken dur ing  a per iod  of hea t ing  which tends  

t o  suppress  turbulence  wh i l e  t h e  October 25, 1964, d a t a  w a s  taken dur ing  

a per iod of cool ing  which inc reases  turbulence.  It is  p o s s i b l e  t h a t  t h e  

d i f f e r e n c e  i n  wind p r o p e r t i e s  may b e  o f f s e t  by a d i f f e r e n c e  i n  eddy 

v i s c o s i t y .  

r e s u l t s  f o r  t h e  two s l i g h t l y  d i f f e r e n t  cases. 

t o  i l l u s t r a t e  t h e  d i f f i c u l t y  i n  e s t a b l i s h i n g  p r e c i s e  va lues  f o r  the eddy 

v i s c o s i t y  ( f r i c t i o n  depth)  from measurements. 

0 

Other reasons may a l s o  be  r e spons ib l e  f o r  t h e  seemingly same 

I n  any event  t h i s  s e r v e s  

I n  F igure  7(a)  and ( b ) ,  t h e  meter measurements are p l o t t e d  f o r  a 
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West 67 degrees  South wind a t  4.8 meters per  second (dark arrow) and a 

West 67 degrees  South wind a t  5 ,2  meters per  second (dashed arrow).  

The c u r r e n t  c a l c u l a t i o n s  w e r e  made us ing  a wind v e l o c i t y  of 

5.2 meters per  second. 

J u l y  16,  1964, when t h e  thermocl ine should have been w e l l  e s t a b l i s h e d  

i n  t h e  Cen t ra l  and Eas t e rn  bas ins .  The second set of measurements were 

taken on September 10 ,  1964, when t h e  thermocl ine w a s  very  near  t h e  

The f i r s t  set of measurements were taken on 

bottom of t h e  c e n t r a l  b a s i n  and w a s  q u i t e  weak. I n  t h e  Cen t ra l  b a s i n ,  

t h e  thermocl ine i s  u s u a l l y  gone by October 1st whi le ,  i n  t h e  Eas t e rn  

bas in ,  t he  thermocl ine d isappears  sometime la ter .  The measurements i n  

t h e  Cen t ra l  b a s i n  ag ree  f a i r l y  w e l l  with t h e  c a l c u l a t i o n s  which may 

i n d i c a t e  t h a t  t h e  s t eady  s ta te  c u r r e n t s  i n  t h e  Cen t ra l  b a s i n  upper 

epi l imnion are not  apprec iab ly  a f f e c t e d  by t h e  l a k e  s t r a t i f i c a t i o n  

during t h e  middle of J u l y  and September. 

l a r g e  measured c u r r e n t s  i n  t h e  Eas te rn  b a s i n  which d i f f e r  from t h e  cal- 

c u l a t i o n s  may be i n d i c a t i n g  a thermocl ine e f f e c t .  More recent measure- 

ments made by t h e  EPA i n  t h e  Cen t ra l  b a s i n  i n  later J u l y  and e a r l y  August 

do i n d i c a t e  an  apprec i ab le  e f f e c t  of s t r a t i f i c a t i o n  on epi l imnion veloc- 

i t ies (I 

However, some of t h e  f a i r l y  

The automatic  c u r r e n t  meters used f o r  making t h e  measurements 

quoted above were set  i n  l a t e  May and were l e f t  unattended a f t e r  t h a t  

t i m e .  Because of t h i s ,  i t  is  f e l t  t h a t  t h e  confidence level of t h e  

measurements made i n  l a t e  summer and f a l l  i s  less than  t h e  earlier 

measurements. This f a c t o r  should a l s o  be  taken i n t o  account when assess- 

i n g  t h e  agreement between t h e  measurements and c a l c u l a t i o n s .  

A p o i n t  which experimenters making new measurements i n  Lake E r i e  
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should cons ider  is w e l l  i l l u s t r a t e d  by t h e  c u r r e n t s  shown i n  F igu re  4. 

This is  t h a t  t h e  l o c a t i o n  of t h e  instrument  both  h o r i z o n t a l l y  and ver- 

t i c a l l y  must b e  w e l l  known. A s  we see, t h e r e  are areas i n  Lake E r i e  

where t h e  c u r r e n t s  change r a p i d l y  wi th  h o r i z o n t a l  pos i t i on .  I n  a d d i t i o n ,  

i n  t h e  top  t e n  meters of t h e  l a k e  t h e  c u r r e n t s  are a l s o  changing r a p i d l y  

i n  t h e  v e r t i c a l  d i r e c t i o n .  

CONCLUDING REMARKS 

The r e s u l t s  of t h e  numerical  s t eady- s t a t e  c a l c u l a t i o n s  of t h e  wind 

d r iven  c u r r e n t  i n  Lake Erie compare favorably  wi th  c u r r e n t  meter meas- 

urements made a t  mid-depth i n  t h e  Cen t ra l  and Eas t e rn  b a s i n s .  

agreement shows t h a t  quasi-s teady c u r r e n t s  do e x i s t  i n  Lake E r i e .  

quasi-steady c u r r e n t s  u s u a l l y  occur a f t e r  2 days of f a i r l y  uniform winds. 

This  

The 

The agreement of c a l c u l a t i o n s  and measurements a l s o  shows t h a t  t h e  

shal low l a k e  model which uses  a cons tan t  eddy v i s c o s i t y  is capable  of 

p r e d i c t i n g  a c c u r a t e l y  t h e  l o c a l  three-dimensional v e l o c i t i e s  a t  mid- 

depths .  Current  meter measurements near  t h e  bottom and s u r f a c e  of t h e  

l a k e  i n  conjunct ion  wi th  measurements a t  mid-depths are needed t o  r e a l l y  

determine t h e  e r r o r  t h a t  may r e s u l t  from t h e  cons t an t  eddy v i s c o s i t y  

assumption. 

t h e  eddy v i s c o s i t y  is  known t h e o r e t i c a l l y  t o  reduce t o  some small  va lue ,  

must e s p e c i a l l y  be checked by measurements. 

The c a l c u l a t e d  v e l o c i t i e s  near  t h e  bottom of t h e  l a k e ,  where 

No c u r r e n t  meter measurements were a v a i l a b l e  i n  t h e  Western bas in .  

Measurements are needed h e r e  t o  determine t h e  importance,  i f  any, of 

t i m e  dependent and nonl inear  convect ion e f f e c t s  i n  producing quasi-  

s t eady  c u r r e n t s ,  Measurements are a l s o  needed t o  determine i f  a smaller 

eddy v i s c o s i t y  should b e  used i n  t h e  Western b a s i n  because of i t s  extreme 
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shal low depth.  

The c a l c u l a t i o n s  p r e d i c t  t h a t  t h e  f low from t h e  Western b a s i n  t o  

t h e  Cen t ra l  b a s i n  t akes  p l a c e  mainly v i a  t h e  Pe lee  Passage when t h e  

winds have a southwest d i r e c t i o n .  The blockages of flow t h a t  occur 

between t h e  Western and Cen t ra l  bas ins  are r e f l e c t e d  i n  an  ex tens ive  

gyre east of t h e  i s l a n d s .  These and o t h e r  flow p a t t e r n s  such as t h e  

s t rong  c u r r e n t s  a t  t h e  t i p  of Long Po in t  are t h e  r e s u l t s  of t h e  bottom 

topography and shape of t h e  shore  boundaries ,  The bottom topography 

and boundary shape in f luence  t h e  c u r r e n t s  i n  Lake Erie s o  s t r o n g l y  t h a t  

they must b e  a c c u r a t e l y  represented  i n  any model p r e d i c t i n g  t h e  c u r r e n t s .  

For t h e  numerical  c a l c u l a t i o n s ,  t h e  r e l a t i v e l y  s m a l l  mesh s i z e s  of 0.805 

and 3.22 k i lometers  had t o  be  incorpora ted  t o  adequately inc lude  t h e  

Lake E r i e  geometry. 

even smaller mesh s i z e s  f o r  c e r t a i n  l o c a l  areas. 

Improvements t o  t h e  model could be  made by us ing  

Eddy v i s c o s i t i e s  of 16.8 and 38.0 cent imeters  squared per  second 

w e r e  used i n  t h e  c a l c u l a t i o n s ,  r e s p e c t i v e l y ,  f o r  wind v e l o c i t i e s  of 5.2 

and 10 .1  meters per  second. 

tude  as measurements made by Nobel, e t  a l .  (1960) i n  Lake Michigan. 

Platzman (1963) used 40 cent imeters  squared per  second f o r  h i s  t i m e  

dependent c a l c u l a t i o n s  of wind t i d e s  on Lake E r i e .  This  va lue  cannot 

r e a l l y  be  compared wi th  t h e  ones used h e r e  s i n c e  Platzman used t h e  

s i n g l e  va lue  f o r  a range of wind speeds.  

0.00273 seems t o  g ive  good r e s u l t s .  

These va lues  are t h e  same order  of magni- 

A wind shear  c o e f f i c i e n t  of 

The c a l c u l a t e d  r e s u l t s  show t h a t  f o r  a l a r g e  percentage of Lake 

Erie  t h e  bottom v e l o c i t i e s  are n o t  i n  t h e  d i r e c t i o n  of t h e  h o r i z o n t a l  

mass f l u x .  This  i n d i c a t e s  t h a t  f o r  shal low Lake E r i e ,  t h e r e  may b e  
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l a r g e  d i f f e r e n c e s  between t h e  s o l u t i o n  presented h e r e i n  and one where 

t h e  bottom stress i s  made p ropor t iona l  t o  t h e  h o r i z o n t a l  mass f l u x .  

Based on measurements, Har t l ey  (1968) be l i eves  t h a t  t h e  s t eady  s ta te  

v e l o c i t i e s  i n  t h e  hypolimnion of Lake Erie 's  Cen t ra l  b a s i n  are very  small  

and t h e  thermocl ine which is almost h o r i z o n t a l  acts as t h e  summer l a k e  

bottom. 

ness  of 6 meters, one might expect  t h e  upper epi l imnion v e l o c i t i e s  no t  

t o  d i f f e r  apprec iab ly  from t h e  n o n s t r a t i f i e d  case. Comparison of cal- 

c u l a t i o n s  wi th  mid-depth measurements made dur ing  t h e  summer are incon- 

c l u s i v e  as t o  whether o r  no t  t h i s  i s  t r u e .  Eas te rn  b a s i n  measurements 

however, seem d e f i n i t e l y  t o  i n d i c a t e  t h a t  t h e  thermocl ine has  s i g n i f i -  

can t  e f f e c t  on upper epi l imnion v e l o c i t i e s .  

S ince  t h e  hypolimnion i n  t h e  Cen t ra l  b a s i n  has  a maximum th ick-  

ACKNOWLEDGMENTS 

The au tho r s  would l i k e  t o  thank M r .  Robert  P. Har t l ey  and 

M r .  Richard Winklhofer of t h e  Environmental P r o t e c t i o n  Agency f o r  sup- 

p ly ing  t h e  Lake E r i e  c u r r e n t  measurement d a t a  and o t h e r  va luab le  i n f o r -  

mation concerning Lake E r i e .  

This  r e sea rch  w a s  j o i n t l y  supported by t h e  Nat iona l  Aeronaut ics  

and Space Adminis t ra t ion  and t h e  Nat iona l  Science Foundation. 



17 

REFERENCES 

GEDNEY, R.  T. and W. LICK.  1970. Numerical c a l c u l a t i o n s  of t h e  s t eady  

s ta te ,  wind-driven c u r r e n t s  i n  Lake E r i e .  Proc.  13 th  Conf. Great 

Lakes R e s . ,  I n t e r n .  Assoc. Great Lakes R e s . ,  pp. 829-838. 

GEDNEY, R.  T .  1971. Numerical c a l c u l a t i o n s  of t h e  wind-driven c u r r e n t s  

i n  Lake E r i e .  Ph.D. Thes is ,  Case Western Reserve Univ., Cleveland, 

Ohio. 

HARTLEY, R. P. 1968. Bottom c u r r e n t s  i n  Lake E r i e .  Proc. 1 1 t h  Conf. 

Great Lakes R e s . ,  I n t e r n .  Assoc. Great Lakes R e s . ,  pp. 398-405. 

NOBLE, V. E . ;  J.  C. HUANG; and J .  H. SAYLOR. 1968. Vertical c u r r e n t  

s t r u c t u r e  i n  t h e  Great Lakes. Spec ia l  Rept. No. 37, Great Lakes 

Research Div i s ion ,  Univ. Michigan. 

PLATZMAN, G. W. 1963. The dynamical p r e d i c t i o n  of wind t i d e s  on Lake 

E r i e .  Meteorol.  Monographs, 4 :  1-44. 

WELANDER, P. 1957. Wind a c t i o n  on a shal low sea: some g e n e r a l i z a t i o n s  

of Ekman's theory .  T e l l u s ,  9: 47-52. 

WILSON, B. W. 1960. Note on s u r f a c e  wind stress over water a t  low and 

high wind speeds.  J. Geophys. R e s . ,  65: 3377-3382. 



--._I___ -I-_ -.- 
I 

JI' s o l u t i o n  

18 

TABLE 1. - STREAM FUNCTION BOUNDARY CONDITIONS 

JIo wind only 

JIO r i v e r  on ly  

JIo wind and r i v e r  

J12 

Exte rna l  
sho re  

O 
- --- - - . I- 

0 

0 

JI j boundary cond i t ion  

I s l and  1 

1 

1 

0 

0 

I s l a n d  2 

1 

1 

0 

!I Wind 
cond i t ion  

x 9  Ty T 

0 

xJy  T 

0 

0 0 

1 0 
1 
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FIGURE LEGENDS 

NUMERICAL CALCULATIONS OF THE WIND-DRIVEN CURRENTS I N  LAKE ERIE 

AND COMPARISON WITH MEASUREMENTS BY R. GEDNEY AND W. L I C K  

F igure  

0.805 k i lometer  (0.5 m i l e )  g r i d  f o r  i s l a n d  region.  

3.22 and 0.805 ki lometer  g r i d  r eg ion  f o r  Lake E r i e .  

Lake E r i e  stream f u n c t i o n  f o r  a W50S wind a t  10.1 meters/sec. 

Hor izonta l  v e l o c i t i e s  a t  a cons tan t  0.4 m (1 .5  f t )  from su r face .  

Hor izonta l  v e l o c i t i e s  a t  a cons tan t  9.9 m (32.8 f t )  from su r face .  

Hor izonta l  v e l o c i t i e s  a t  a cons tan t  14.9 m (49.2 f t )  from su r face .  

Hor izonta l  v e l o c i t i e s  a t  a cons t an t  1 .2  m (4.0 f t )  from bottom. 

Vertical v e l o c i t i e s  a t  mid-depth. 

Hor izonta l  v e l o c i t i e s  a t  a cons t an t  4.5 m (15.0 f t )  from su r face .  

Hor izonta l  v e l o c i t i e s  a t  a cons t an t  7.6 m (25.0 f t )  from su r face .  

Hor izonta l  v e l o c i t i e s  a t  a cons tan t  4.5 m (15.0 f t )  from su r face .  

Hor izonta l  v e l o c i t i e s  a t  a cons tan t  1 .2  m (4.0 f t )  from bottom. 

Hor izonta l  v e l o c i t i e s  a t  a cons tan t  9.9 m (32.8 f t )  from su r face .  

Hor izonta l  v e l o c i t i e s  a t  a cons t an t  14.9 m (49.2 f t )  from su r face .  
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FIGURE 3. - LAKE ERIE STREAM FUNCTION FOR A W50S WIND AT 10.1 METERSISEC. 



FIGURE 4(a). - HORIZONTAL VELOCITIES AT A CONSTANT a4 M (1 5 FT) FROM SURFACE. 
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FIGURE 4(b). - HORIZONTAL VELOCITIES AT A CONSTANT 9.9 M (32.8 FT) FROM SURFACE. 
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FIGURE l c ) .  - HORIZONTAL VELOCITIES AT A CONSTANT 14.9 M FROM SURFACE. 
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FIGURE 4td). - HORIZONTAL VnOClTlES AT A CONSTANT 1.2 M (4. OFT) FROM BOITOM. 
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FIGURE 4e) .  - VERTICAL VELOCITIES AT MID-DEPTH. 
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FIGURE 5(a). - HORIZONTAL VELOCITIES AT A CONSTANT 4.5 M FROM SURFACE. 
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FIGURE 5(b). - HORIZONTAL VELOCITIES AT A CONSTANT 7.6 M FROM SURFACE. 
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FIGURE 6(a). - HORIZONTAL VELOCITIES AT A CONSTANT 4.5 M FROM SURFACE. 
(SEE FIGURE 1 FOR IDENTIFICATION OF ISLANDS AND LANDMARKS. 1 
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FIGURE 6(bL - HORIZONTAL VELOCITIES AT A CONSTANT 1.2 M FROM BOTTOM. 
(SEE FIGURE 1 FOR IDENTIFICATION OF ISLANDS AND LANDMARKS. 1 



DISTANCE 

P MAGNITUDE 
CURRENT 

40 MILES 

0 1 FTlSEC 

0 20 CMlSEC 
t-7-Tt-_T---l 

CURRENT METER MEASUREMENTS 
e)-p 7/16/64 
c+* 9/10/64 

FIGURE 7(a). - HORIZONTAL VELOCITIES AT A CONSTANT 9.9 M FROM SURFACE. 
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FIGURE 7(b). - HORIZONTAL VELOClTltS AT A CONSTANT 14.9 M FROM SURFACE. 
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